Ageing is the major risk factor for Alzheimer's disease (AD), a condition involving brain hypoxia. Expression of transcriptional regulator of cellular responses to hypoxia, HYPOXIA-INDUCIBLE FACTOR-1 (HIF1), increases with brain age.
Introduction
Alzheimer's disease (AD) is the most prevalent form of dementia. Decreased levels of soluble amyloid-beta (Aβ) peptides in cerebrospinal fluid [1] (presumably due to decreased clearance from the brain) is regarded as one of the earliest markers of both early-onset familial AD (fAD) and late-onset sporadic AD (LOAD), preceding disease onset by 20-30 years [2, 3] , while vascular changes may occur even earlier [4] . When AD clinical symptoms finally become overt, neurodegeneration may be too advanced for effective therapeutic intervention. This may explain the failure of drugs designed to inhibit supposed Aβ-related pathological processes to halt cognitive decline [5, 6] .
The molecular events underlying LOAD are complex and have eluded detailed understanding. However, fAD is caused by inherited, dominant mutations in the genes, PRESENILIN 1 (PSEN1), PRESENILIN2 (PSEN2), AMYLOID BETA A4 PRECURSOR PROTEIN (APP) and SORTILIN-RELATED RECEPTOR (SORL1) [7] , [8] and so is amenable to genetic analysis in animal models. Less than two percent of AD is defined as fAD. However, the similarity in clinical disease progression and brain pathology of fAD and LOAD [9] has led researchers to assume that genetic analysis of fAD will contribute to understanding of both forms of the disease. Given that PSEN1 and PSEN2 are alternative components of the -secretase complex most fAD research is focussed on APP as the source of the Aβ peptide. PSEN mutations are viewed mostly as altering cleavage of APP to yield changes in the relative abundance of different Aβ size forms. However, on a population basis, the majority of fAD mutations occur in the gene PSEN1 [10] and the relationship between fAD mutations in the PRESENILIN genes and APP is still a matter of debate [11, 12] .
Analysis of various structural and functional brain images (MRI and/or PET) from individuals with fAD mutations has revealed changes as early as nine years of age [13, 14] . Specifically, elevations in Aβ deposition and reduced glucose metabolism have been observed in the brain years before symptom onset [15] . Surprisingly, there has been little detailed molecular investigation of the young adult brains of any animal model closely mimicking the human fAD genetic state -i.e. heterozygous for a fAD-like mutation in a single, endogenous gene. Consequently, to model and explore early changes in the brain driving AD pathogenesis, we have edited the zebrafish genome to introduce fAD-like mutations into the endogenous, PSEN1-equivalent gene of zebrafish, psen1. Our recent transcriptomic analysis of one such mutation, psen1 K97fs , revealed acceleration of elements of brain aging (Hin et al., 2018 submitted).
Cardiovascular risk factors strongly correlate with LOAD [16, 17] . Other significant risk factors include vascular brain injury and traumatic brain injury [18] , while recent studies suggest that aerobic exercise can reduce AD risk [19, 20] . Reduced blood flow has been observed in AD brains (reviewed by [21, 22] ) which would lead to impaired oxygenation, resulting in hypoxia. Hypoxia is able to induce the expression of the fAD genes [23, 24] and a serum biomarker associated with hypoxia can discriminate between people with Mild Cognitive Impairment (MCI) who progress to AD and those who do not [25] supporting a critical involvement of hypoxia in AD pathogenesis. These connections between AD and hypoxia led us to test the responses to acute hypoxia of our fAD mutation-like zebrafish models at various ages. Zebrafish are a versatile model organism for genetic analyses of acute hypoxic responses. We found that genetic responses to hypoxia and, particularly, allele-specific expression, increase greatly with age but that extremely aged fish brains "invert" to show the opposite responses. Two very different fAD-like mutations in psen1 both accelerate the onset of this inversion. In addition, the expression of mutant and wild type allele transcripts is biased towards the mutants, with a dramatic loss of wild-type psen1 expression which becomes more extreme with age and acute hypoxia. This loss of PSEN1 expression is also observed in human fAD brain tissue and would contribute to loss of normal gene function in the disease.
Results

Age favours expression of the mutant psen1 alleles
The zebrafish psen1 K97fs (hereafter "K97fs") mutation is similar to the unique, human frame-shifting fAD mutation PSEN2 K115fs [8] . This mutation mimics a hypoxiainduced truncated isoform of PSEN2 protein, PS2V, that is upregulated in LOAD brains [26] [27] [28] . During editing of this mutation into the zebrafish genome (Hin et al., submitted) we isolated a second mutation at the same site, psen1 Q96_K97del (hereafter "Q96_K97del"). This is a deletion of two codons that maintains the open reading frame and is predicted to alter the structure of the first luminal loop of the zebrafish Psen1 protein, similar to numerous fAD mutations in human PSEN1 [11, 29] .
To establish that the fAD-like mutant alleles of zebrafish psen1 are expressed, we performed digital, quantitative PCR (dqPCR) on cDNA synthesised from total RNA extracted from zebrafish brain at 6 months (young adults) and 24 months (old adults).
In young adults, K97fs transcripts are present at approximately half the level of wild type transcripts ( Figure 1A ) and so have escaped complete nonsense mediated decay (NMD), despite their possession of a premature stop codon. In contrast, Q96_K97del
transcripts are present at levels approximately 1.7-fold higher than the wild type transcript ( Figure 1B function in the aged mutant fish.
Hypoxia further biases psen1 allele expression
Acute hypoxia increases expression of fAD genes, including the PRESENILINs [23, 24] , and hypoxia has also been associated with AD risk and pathogenesis [30] .
Therefore, we tested the effect of acute hypoxia on the bias in allele expression in young and aged adult zebrafish brains. Gene expression responses to hypoxia can be induced by exposure of zebrafish to oxygen-depleted water for ~2.5 hours (oxygen concentration of 6.6  0.5 mg/L in normoxia and 1.1  0.5mg/L in hypoxia [23, 31] ).
For both the K97fs and Q96_K97del alleles, hypoxia increased allelic expression bias ( Figure 1A and B). In both young and old mutant zebrafish brains, acute hypoxia greatly favours expression of the mutant transcripts over the wild type transcripts. In young adult mutant zebrafish, hypoxia inverted the relative ratio of K97fs and wild type allele expression seen under normoxia so that it resembled the biased expression observed in the aged mutant brains. In the aged mutant brains, hypoxia increased the excessive transcript expression of the K97fs allele over the wild type allele to 6.4-fold ( Figure 1A) . Similarly, the excess of Q96_K97del mutant transcript over wild type transcript in young adult mutant zebrafish brains under hypoxia is similar to the ratio of allele expression in aged mutant brains under normoxia. Hypoxia in the aged mutant brains increases the excess of mutant over wild type allele expression to 10.8-fold ( Figure 1B ). The similar ratios of mutant over wild type allele expression in young hypoxic and aged "normoxic" mutant brains are consistent with hypoxic stress being a normal aspect of brain aging.
Accelerated loss of HIF-1-responses in aging mutant zebrafish brains
The bipartite transcription factor, hypoxia-inducible factor 1 (HIF-1), controls many of the cellular responses to hypoxia. Under hypoxia, HIF-1 binds to hypoxia response elements in promoter sequences to induce the transcription of numerous HIF-1-responsive genes (HRGs, reviewed by [32] ). These include the gene PDK1 encoding PYRUVATE DEHYDROGENASE KINASE1 that phosphorylates PYRUVATE DEHYDROGENASE to inhibit conversion of pyruvate to acetyl-CoA [33] . In this way, pyruvate is directed away from the tricarboxylic acid cycle (TCA) and oxidative phosphorylation and into ATP production via anaerobic glycolysis. Thus, PDK1 acts as a form of "rheostat" to set the relative rates of anaerobic glycolysis and oxidative phosphorylation. To determine the effects of age and the fAD-like alleles of psen1 on HIF1-directed responses to hypoxia, we used dqPCR to compare transcript levels from five HRGs: cd44a, edn1, igfbp3, mmp2 (reviewed in [34] ) and pdk1 [35] in the brains of zebrafish exposed to normoxia or acute hypoxia.
Unexpectedly, the responses of heterozygous zebrafish carrying either fAD-like allele were essentially identical and very different from those of wild type siblings ( Figure   2A The greatest surprise came when the 24-month-old, aged brains heterozygous for either mutant allele of psen1were subjected to acute hypoxia. Rather than upregulating HRG expression, they either failed to upregulate, or even downregulated, HRG expression. This inversion of the expected hypoxia response was particularly noticeable for expression of pdk1, suggesting an inability to upregulate anaerobic glycolysis in aged fAD-like mutant zebrafish under hypoxia.
Assays of lactate content (a marker of anaerobic glycolysis) in young and aged adults also revealed a failure to upregulate anaerobic glycolysis in the aged Q96_K97del heterozygous mutants under acute hypoxia, which is largely consistent with our observations of age-dependent pdk1 expression behaviour ( Figure 3 ). However, in contrast to pdk1 expression, there is no apparent upregulation of anaerobic glycolysis in young wild type brains under acute hypoxia (an observation also reported in young mouse brains under chronic hypoxia [36] ).
Wild type fish also lose HIF-1-responses with age
Our previous transcriptome analysis of heterozygous K97fs mutant zebrafish brains demonstrated accelerated aging in these fAD-like mutants and an "inverted" pattern of differential gene expression once these became aged (24 months). We now see that this gene expression inversion is associated with failure of hypoxia responses including failure to upregulate glycolysis under hypoxia. If fAD-like mutations accelerate brain aging, do wild type brains eventually show the same failure of HRG expression as they age? To test this we examined Q96_K97del heterozygous and wild type sibling brains under normoxia or acute hypoxia at 42 months of age ( Figure 2B ).
(Laboratory-reared zebrafish are reported to have a mean life span of ~42 months [37] , and we were fortunate enough to have Q96_K97del heterozygous and wild type siblings surviving to this extreme age). The levels of HRG expression in brains of both genotypes are essentially the same under normoxia, and both genotypes show downregulation of HRG expression under acute hypoxia. This clearly supports that fAD-like mutations accelerate brain aging and that a failure to upregulate HRG expression under acute hypoxia may be an inevitable consequence of aging.
The psen1 fAD-like alleles variably affect Hif-1 stability
The bipartite transcription factor HIF-1 is formed by complexation of subunits HIF-1 and HIF-1. The stability of HIF-1 (and, hence, the level of HIF-1) is controlled by oxygen availability (reviewed by [32] ). Stabilisation of HIF-1 under hypoxia has been shown to depend, partially, on interaction with PRESENILIN protein [38] [39] [40] . In rat brains, stabilisation of HIF-1 under hypoxia, fails with age [41] . To observe how age and the two different mutant alleles of psen1 affect HIF-1 stabilisation in zebrafish brains, we used an antibody previously shown to detect a zebrafish paralogue of human HIF-1, named Hif-1ab [42] , to probe young and aged mutant and wild type sibling brains under normoxia and acute hypoxia (as described above and in Methods) ( Figure 4 ). Under hypoxia, an age-related failure to stabilise Hif1ab over basal levels was obvious at 24 months of age, demonstrating that this is a phenomenon conserved between widely-diverged vertebrate brains. Interestingly, heterozygosity for the psen1 fAD-like mutant alleles had no effect on Hif-1ab stabilisation in young adult brains. However, given the decreased Hif-1ab levels in aged fish with either mutant, the Q96_K97del allele (that preserves the open reading frame and should produce a full-length protein) caused the unexpected stabilisation of 
Loss of PSEN1 expression is observed in human fAD brain tissue
To examine whether allelic bias might exist for fAD alleles of PSEN1 in human carriers, we analysed wild type and mutant allele expression in three carriers of different PSEN1 fAD mutations (see methods for details) in a region of the brain that shows typical AD histopathology (Aβ plaques and neurofibrillary tangles) with mild neuronal loss [43] . Total RNA was purified from the middle temporal gyrus of postmortem brains of fAD mutation carriers and age-matched, cognitively normal controls, followed by cDNA synthesis and allele-specific dqPCR to analyse PSEN1 wild type and mutant allele expression.
We did not observe a bias towards mutant allele expression in the three different mutation carriers. However, we saw a dramatic decrease in wild-type PSEN1 allele expression in the three different mutation carriers compared to age-matched, cognitively normal controls (see Figure 5A -C). To confirm that the low levels of PSEN1 transcripts in the deceased fAD carrier brains were not due to a generalised degradation of RNA, we normalised the wild type and mutant PSEN1 allele measurements to the transcript levels from two, stably expressed reference genes, cytochrome C1 (CYC1) and ribosomal protein large 13 (RPL13) [44] (see supp data 1). As expected, this did not alter the differences in PSEN1 expression observed between mutation carriers versus controls.
A loss of function of one allele can be ameliorated by enhanced transcription of related DNA sequences in a process termed genetic compensation (reviewed in [45] ).
Therefore, we checked whether the functionally-and structurally-related human PSEN2 gene was upregulated to compensate for the observed decrease in PSEN1 in the fAD mutation carrier brains. We observed no upregulation of PSEN2 in the mutation carriers compared to age-matched, cognitively normal controls ( Figure 5D) and as was observed for PSEN1, PSEN2 transcript levels were reduced in fAD brains relative to age-matched controls. (It should be highlighted that copy numbers for PSEN2 were below the desired minimum threshold of 200 copies/µl for all samples, indicating that we observed low PSEN2 expression in this brain region compared to other reports [46] .) The possibility exists that the expression of the mutant allele in the PSEN1 fAD mutation carriers is increased at earlier ages and stages of the disease followed by subsequent decreases at later stages of the disease. However, it is currently infeasible to test for this in living human brains. Our observation of loss of wild type PSEN1 expression (with no apparent compensation by PSEN2) in human mutation carriers is consistent with a loss of normal PSEN1 function contributing to AD progression, although null alleles of PSEN1 have never been identified in fAD.
Discussion
The production of energy supports all other cellular functions and is, therefore, fundamental to cellular, tissue, organ and organismal health. As the human brain ages, vascular function gradually degrades [21, 22] making it more difficult to deliver oxygen and energy substrates to support the brain's energy needs. As a consequence, transcription of HIF1- is increased in the brain with age [47] . Increased HIF-1, acting to increase expression of PDK1, would be expected to increase the rate of anaerobic glycolysis to maintain production of ATP (that is necessary, among other things, for maintaining the solubility of proteins to prevent the protein aggregation characteristic of neurodegenerative conditions [48] ). However, a primary diagnostic marker of AD brains is that they are hypometabolic with both reduced oxygen and glucose consumption (as revealed by brain imaging studies, see review [21, 49] ).
Also presented [12] . This model postulates aged brains "inverting" (in terms of numerous molecular characteristics) into a pathological state as the brains reach homeostatic stress limits such as their limit to cope with the increasing oxidative stress resulting from increasing hypoxia. The clarity of the responses we have observed in whole zebrafish brains are due to our ability to place these entire (~10 mg) brains under acute hypoxia. The human brain is ~140,000-fold larger in mass than a zebrafish brain and the hypoxia it experiences as a result of failing vascular function would be expected to be regional (depending on energy demand and vascularisation) and to spread progressively as vascular function decreases.
While our observations are consistent with mutations in PSEN genes causing accelerated aging, there are numerous studies that question the idea of Alzheimer's disease being an inevitable consequence of age [50] [51] [52] . Even if the inverted regulation of energy production under hypoxia we have observed in zebrafish is, in fact, related to the brain hypometabolism of Alzheimer's disease, this does not show that Alzheimer's disease is an inevitable consequence of aging. Rather, our results only support that age is a major risk factor for Alzheimer's disease and may even be a necessary precondition for the disease.
Our study has uncovered a number of phenomena that we currently cannot explain.
Why is it that, under acute hypoxia, two year old zebrafish brains cannot stabilise these fish rather than increasing or, at least, not changing? Clearly, neither age nor the presence of mutations in psen1 alone is sufficient to explain these phenomena and an interaction between these two factors is involved. HIF1- has been shown to interact with PRESENILIN 1 protein [38] [39] [40] to increase -secretase activity posttranscriptionally [40] . In turn, increased -secretase activity increases HIF1- stability (and so HIF1 activity) via a p75NTR-dependent feed-forward mechanism [54] . Future work must investigate age-dependent changes in the interaction between HIF1 and the PRESENILINs and reveal the basis of the failure of HIF1- stabilisation with advanced age. Delaying the onset of this failure might delay the onset of Alzheimer's disease. At present, physical exercise that maintains vascular health is one of the few potential protective treatments available for LOAD [55] [56] [57] [58] . Indeed, a recent systematic review has revealed for the first time an association between physical exercise and better cognitive outcomes at expected symptom onset in individuals with fAD [59] .
HIF-1 is regarded as a central regulator of responses to hypoxia. However, remarkably, it also regulates genes involved in iron homeostasis (see review [32] ).
This raises the possibility that the increased expression of HIF-1-target genes in young psen1 mutant brains may actually be due to decreased cytosolic Fe 2+ availability (that stabilises HIF-1) rather than hypoxia. Hypothetically, this situation might arise because correct acidification of the endo-lysosomal pathway is required for most iron importation and for recycling of the iron in damaged mitochondria and in ferritin into its Fe 2+ form via autophagy (reviewed in [12] ). fAD mutations in the PRESENILINs apparently decrease lysosomal acidification [60] and this is predicted to decrease Fe 2+ availability. Meanwhile, the fAD gene APP that encodes the protein precursor of the A peptide, plays a role in iron export since full-length APP, (and at least one secreted form of APP, sAPP), can stabilise Ferroportin to increase export of Fe 2+ from neurons [61, 62] . These phenomena have led us to propose that fAD mutations in the PSEN genes and APP may share common roles in iron dyshomeostasis [12] . The increased expression of HIF-1-target genes we have observed in the brains of young adult zebrafish is consistent with this idea. Further testing will be required to verify whether or not iron dyshomeostasis actually exists in these young brains.
Biased expression of alleles in heterozygotes has been recognised for decades but has mainly been attributed to imprinting or differences in cis-regulatory sequences [63, 64] . Recently Huang et al [65] Our mutant zebrafish were generated using an inbred strain, and any breeding of mutants has been conducted within that inbred strain. Therefore, allele-specific expression differences due to differences in cis-regulatory sequences are unlikely. We have previously observed remarkable homeostasis of Psen1 protein levels in zebrafish embryos, apparently by a mechanism that responds to levels of full-length Psen1 protein to feed back onto regulation of psen1 gene transcription [67] . However, in the K97fs mutation heterozygotes, there is an increase in mutant transcript levels with age and under stress despite that this allele's open reading frame is truncated. Since the PSEN genes are involved in regulating the unfolded protein response [27, 31, 68] , (a stress response that includes regulation of mRNA stability [69, 70] ), it is conceivable that the allele-specific changes in psen1 mRNA level reflect changes in RNA stability rather than changes in the rate of transcription initiation. It may be possible to distinguish between these two mechanisms by comparison of changes in mRNA versus nascent transcript levels using PCRs specific for spliced and un-spliced transcripts [67] .
While we did not observe bias in allele expression in bulk samples of middle temporal gyrus from carriers of three different PSEN1 fAD mutations, we did observe severe loss of PSEN1 transcript expression. If this phenomenon is widespread in LOAD brains, then loss of normal PSEN1 function could be important in Alzheimer's disease pathogenesis. However, the published expression data for PSEN1 in human LOAD brain tissue shows varying results depending on the brain region studied, the method of measurement, and which particular splice variant is measured. For example, in LOAD brains, a decrease in expression of PSEN1 mRNA has been observed in the hippocampus (along with PSEN2) [71] and in the frontotemporal region [72] while an increase in expression of PSEN1 mRNA has been measured in the temporal lobes [73, 74] and superior frontal gyrus [74] . Other studies reported no significant difference in PSEN1 expression in LOAD in the frontal cortex [75, 76] , the entorhinal cortex, the auditory cortex (although decreased PSEN2 was observed) or the hippocampus [77] .
It is difficult to form any firm conclusions on PSEN1 mRNA expression in LOAD from these inconsistent findings and this should encourage more detailed analysis of PSEN1 expression in both fAD and LOAD brains in the future.
Methods
Zebrafish husbandry and animal ethics
Tubingen-strain zebrafish were maintained in a recirculated water system. All work with zebrafish was conducted under the auspices of the Animal Ethics Committee of the University of Adelaide (permit no. 31945) and Institutional Biosafety Committee (IBC Dealing ID 122210).
Production of the psen1 mutations
Production of the psen K97fs mutation was previously described in Hin et al, 2018
submitted. During the screening of individual zebrafish for the desired psen K97fs mutation, a second mutation was identified at the same site, a deletion of 6 nucleotides, CAGAAG, which is an in-frame deletion of 2 codons, psen1 Q96_K97del .
Genomic DNA extraction and genotyping PCR of zebrafish tissue
DNA was extracted from adult zebrafish tail clips and genotyped via PCR as described in Hin et al, 2018 submitted. Primers used for genotyping PCR were synthesized by Sigma-Aldrich. Oligonucleotide sequences are given in Table 2 .
Whole brain removal from adult zebrafish
Adult fish were euthanized by sudden immersion in an ice water slurry for at least 30 seconds before immediate decapitation. The entire brain was then removed from the cranium for immediate RNA or protein extraction. All fish brains were sampled at late morning/noon to minimise effects of circadian rhythms.
Hypoxia treatment of adult zebrafish
Male or female adult zebrafish at the desired age and genotype were treated in low oxygen levels by placing zebrafish in oxygen-depleted water for 3 hours (oxygen concentration of 6.6  0.5 mg/L in normoxia and 1.1  0.5mg/L in hypoxia [23] .
Brains were subsequently used for digital PCR or western blotting analysis.
RNA extraction and cDNA synthesis of total adult zebrafish brain
Total RNA was extracted from whole zebrafish brain (~10mg) using the QIAGEN RNeasy Mini Kit according to the manufacture's protocol as described in [23, 31] .
The RNA was DNase treated using RQ1 DNase from Promega according to the manufacturer's instructions. RNA was quantified using a Nanodrop spectrophotometer. cDNA was synthesized using random hexamers and Superscript III First Strand Synthesis System (Thermo Fisher) according to the manufacturer's instructions.
RNA extraction and cDNA synthesis from human brain tissue
Human brain tissues were obtained from the Sydney Brain Bank at Neuroscience
Research Australia and the NSW Tissue Resource Centre at the University of Sydney.
The brains were collected under institutional ethics approvals. Whole brains were sliced into blocks and fresh-frozen and stored at -80°C. Tissue samples from three cases with mutant PSEN1 and three age-and gender-matched controls (see Table 1 for details without significant neuropathology were processed for RNA extraction using TRIzol reagent (Invitrogen) following the manufacturer's protocol. All procedures were carried out using RNase-free reagents and consumables. Five micrograms of RNA was reverse transcribed into cDNA using Moloney-murine leukemia virus reverse transcriptase and random primers (Promega, Madison, Wisconsin, USA) in 20 μl reaction volume. RNA integrity was assessed with high resolution capillary electrophoresis (Agilent Technologies) and only RNA with RNA Integrity Number (RIN) value greater than 6.0 was used.
3D Quant Studio Digital PCR
Digital PCR was performed on a QuantStudio 3D Digital PCR System (Life Technologies). Reaction mixes contained 1X QuantStudio3D digital PCR Master Mix, Sybr dye, 200nM of specific primers and 12.5 -500ng cDNA (500ng for PSEN1 and PSEN2, 100ng for CYC1 and RPL13, 50ng for cd44a, edn1, igfbp3, 25ng
for psen1 and pdk1 and 12.5 ng for mmp2). The reaction mixture (14.5l) was loaded onto a QuantStudio3D digital PCR 20 K chip using an automatic chip loader according to the manufacturer's instructions. Loaded chips underwent thermo-cycling on the Gene Amp 9700 thermo-cycling system under the following conditions: 96C for 10 min, 39 cycles of 60C (59C for CYC1 and PSEN1G206Vsite) for 2 min and 98C for 30 sec, followed by a final extension step at 60C (or 59C see above) for 2 min. The chips were imaged on a QuantStudio 3D instrument, which assesses raw data and calculates the estimated concentration of the nucleic acid sequence targeted by the Sybr dye by Poisson distribution [78] . Primers used were synthesized by Sigma-Aldrich and are listed in Table 2 .
Protein extraction of total adult zebrafish brain
Each brain was homogenised in water supplemented with reducing agent (Thermo Fisher Scientific) and complete protease inhibitors (Roche Life Sciences), LDS buffer (Thermo Fisher Scientific) was then added and the sample was briefly homogenised and placed at 90C for 20 minutes. Each sample was aliquoted. To generate a protein standard to allow quantitative comparison between signals on separate western blots, 8 male non-mutant adult zebrafish at 6 months of age were selected and placed under hypoxia as described in [23] . Protein was extracted from each brain as above. After extraction all homogenates were combined, thoroughly mixed and aliquoted, with one aliquot being sufficient for one western blot. All samples and standards were stored at -80C until required.
Protein Immunoblotting
Samples and standards were prepared by sonication for 10 minutes followed by incubation at 90C for 5 minutes. PrecisionPlusProteinDualXtra ladder (Bio-Rad) (7l), standards (3 x 10l) and samples (6 x ~18l) were loaded on a 4-12% Bis-Tris Nu-PAGE (Life Technologies) gel for electrophoresis. The protein samples and standards were subsequently transferred to a PVDF membrane using the Mini Blot
Module transfer system according to the manufacturer's protocol (Thermo Fisher Scientific). To detect the Hif1ab protein, the membrane was initially blocked in 3% skim milk followed by incubation in a 1/3000 dilution of the Hif1ab antibody (Gene Tex, cat no. GTX131826). The membrane was washed and incubated in a 1/2500 dilution of the rabbit-HRP secondary antibody (Sigma). After washing, Hif1ab protein was detected on the membrane using ECL detection reagents (Thermo Fisher Scientific) and visualised using the Chemi Doc Imaging System (Bio-Rad Table 2 . Primer sequences for genotyping, sequencing and dqPCR. WT denotes wild type allele-specific PCR. The WT primer target site for psen1 or PSEN1 is indicated in parentheses. 
